to modulate the strength of neighboring synapses with functional consequences to the network output. In particular, D-serine, a potent NMDAreceptor co-agonist, was related to synaptic structure and function (Bail et al., 2015; Miller, 2004 ). This effect was described not only for neuronderived (Balu & Coyle, 2012; Rosenberg et al., 2013) , but also for astrocyte-derived D-serine. The latter is thought to represent the major source of D-serine (Kang et al., 2013; Martineau et al., 2013; Martineau, Galli, Baux, & Mothet, 2008; Oliet & Mothet, 2006; Papouin, Dunphy, Tolman, Dineley, & Haydon, 2017; Yang et al., 2003) , and is critical for the maintenance of hippocampal synaptic plasticity (Fellin et al., 2009; Han, Peng, & Dong, 2015; Henneberger, Papouin, Oliet, & Rusakov, 2010; Martineau et al., 2013) and for dendritic maturation of newlyborn neurons in the hippocampus (Sultan et al., 2015) .
This neuron-astrocyte dialogue at the synaptic level should in turn be reflected in network outputs. In fact, a number of strategies have been employed to tackle the involvement of astrocytes on the computation of several behavioral dimensions, namely on cognition (Oliveira, Sar- dinha, Guerra-Gomes, Araque, & Sousa, 2015) . However, the putative involvement of astrocytes in cognitive modulation remains unclear, mostly due to the current knowledge gap between cellular interactions and behavior levels. To address this issue, we have designed an approach to assess the role of astrocyte signaling in corticolimbic circuits involved in cognitive processing. For that we analyzed the hippocampusprefrontal cortex electrophysiological synchrony and related cognitive computation in dominant negative SNARE (dnSNARE) mouse model of astrocyte-specific exocytosis impairment (Halassa et al., 2009; Pascual et al., 2005; Sultan et al., 2015) . Within the hippocampus, cognitive functions rely primarily on the dorsal subregion (Fanselow & Dong, 2010) .
Despite its indirect connection to the prefrontal cortex (Preston & Eichenbaum, 2013) , oscillations of the dorsal hippocampus highly synchronize with units and ensembles in the prefrontal cortex to support cognitive tasks, such as spatial learning and memory processing (Gordon, 2011; Jones & Wilson, 2005 ; O'Neill, Gordon, & Sigurdsson, 2013) . Taking advantage of the specific dnSNARE transgene expression in astrocytes of the hippocampus and cortex (Pascual et al., 2005; Sultan et al., 2015) , which causes a decrease of extracellular D-serine levels in those brain regions (Sultan et al., 2015) , we analyzed electrophysiology fingerprints of the hippocampus-prefrontal cortex network, carried out a battery of cognitive tests and histological/molecular correlates to confirm the involvement of astrocytic signaling in cognitive function.
| M A TE RI A L S A ND M E TH ODS

| Animals
All experimental procedures were conducted in accordance with the guidelines for welfare of laboratory animals, as described in the Directive 2010/63/EU, and were approved by the local ethical committee (SECVS 075/2015) and national authority for animal experimentation (DGAV). The generation of dominant-negative SNARE (dnSNARE) mice of gliotransmission impairment was performed as previously described (Pascual et al., 2005) . The dnSNARE mice and respective wild-type littermates were obtained by crossing two transgenic mouse lines: GFAP-tTA, in which the expression of tetracycline transactivator (tTA) is mediated by the astrocyte-specific human glial fibrillary acidic protein (hGFAP) promoter; tetO.dnSNARE, in which the dominant-negative domain of vesicular SNARE VAMP2/synaptobrevin II, as well as the reporter enhanced green fluorescence protein (EGFP) are coexpressed under the control of the tetO promoter. Developmental expression of dnSNARE was prevented by breeding the animals in the presence of doxycycline (Dox, Sigma-Aldrich) in the drinking water (100 mg/mL; water bottles covered with aluminum foil to avoid light exposure), which was removed 6 weeks before the beginning of the behavior experiments. The conditional expression of the dnSNARE transgenes caused interference with the SNARE complex formation and consecutive blockade of exocytosis specifically in astrocytes (astrocytes derived from dnSNARE mice displayed a 91% reduction in the number of fusion events) (Sultan et al., 2015) , impairing the vesicular release of gliotransmitters. Founders of both mice lines were kindly supplied by Prof. Philip Haydon (Tufts University, USA), and were maintained in the C57Bl6/J genetic background. All mice had ad libitum access to food and water in their home cages (max 5 mice per cage) and lights were maintained on a 12 h light/dark cycle (lights on 8:00 A.M. to 8:00 P.M.). Male mice within ten to 12 weeks-old were used. Their genotype was confirmed by PCR: mice negative (wild-type) or positive for both transgenes (dnSNARE) were tested, while mice expressing single transgenes (GFAP-tTA or tetO.dnSNARE) were not included. Mice of both genotypes are visually indistinguishable and were kept in the housing cages mixed. Each mouse received a numbered tag which remained constant throughout the experiment and allowed to perform the complete behavior, electrophysiological, histological, and molecular analysis in a blind manner.
| In vivo electrophysiology
Surgical procedures, acquisition, and analysis of local field potential (LFP) signals from the medial prefrontal cortex (mPFC) and dorsal hippocampus (dHIP) were performed as previously described (Oliveira, Dias, Jacinto, Cerqueira, & Sousa, 2013) .
Mice were anesthetized with sevofluorane (4%, SevoFlo, Abbott, USA) and the body temperature controlled and maintained at 378C by a homoeothermic blanket (Stoelting, Ireland) . When deeply anesthetized each animal was mounted on the stereotaxic apparatus (KOPF, USA). To avoid local pain during the surgery, Lidocaine (2%, B. Braun, Germany) was injected subcutaneously in the area of incision. The eyes were covered with an ophthalmic cream (Duratears Z, Alcon, USA) to avoid dehydration. Experimental procedures for electrode implantation were described previously (Oliveira et al., 2013) . Briefly, concentric platinum/iridium recording electrodes (400 mm shaft diameter; Science Products, Germany) were placed in the prelimbic area (PL) of the mPFC (coordinates: 1.94 mm anterior to bregma, 0.4 mm lateral to the midline, 2.5 mm below bregma), and in CA1 of dHIP (coordinates: 1.94 mm posterior to bregma, 1.2 mm lateral to the midline, 1.5 mm below bregma), according to the mouse brain atlas (Paxinos & Franklin, 2001) .
A stainless-steel screw was placed above the contralateral hemisphere and used as reference electrode.
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Local field potential (LFP) signals from the mPFC and dHIP were acquired and analyzed as previously described (Oliveira et al., 2013) .
These signals were simultaneously amplified, filtered (50003; 0.1-300 Hz; LP511 Grass Amplifier, Natus, USA), acquired (Micro 1401mkII, CED, UK) and recorded on a personal computer running Signal Software (CED, UK). After surgery and a resting period of 20 min, 100 s of local field activity were recorded at the sampling rate of 1000 Hz. The power of PFC and dHIP regions, as well as the coherence assessment between both regions, were performed on LFP signals acquired for each mouse. Each measure was applied on 1 s long segments and the average of all segments was considered for statistical analysis. All LFP recordings were thoroughly inspected and those that presented significant noise corruption were excluded from further analyses. Power and coherence were calculated with custom-written MAT-LAB-based programs and scripts (MathWorks, USA), using the Chronux toolbox (http://www.chronux.org) (Mitra & Pesaran, 1999) , for all frequencies from 4 to 40 Hz. For power quantification, the squared magnitude of Fourier data was evaluated, across the frequency domain for each brain region. Coherence analysis was based on multi-taper analysis of the signal magnitude for both regions. For group comparison, three frequency bands were analyzed based on previously described functional relevance: theta (4-12 Hz); beta (12-20 Hz); low gamma (20-40 Hz).
After the electrophysiological protocol, animals were euthanized with a lethal dose of sodium pentobarbital (150 mg/kg, i.p). A biphasic stimulus (5 s, 0.7 mA for mPFC, and 0.8 mA for dHIP) was delivered to both electrodes in order to mark the local of recording. Brains were carefully removed and the left hemisphere (electrodes location) was immersed in paraformaldehyde 4% (PFA) in PBS (0.1M, pH 7.4) for tissue fixation. One day after, it was sectioned in 50 lm slices using a vibratome (Leica Biosystems, Germany) and processed with cresyl violet staining to identify the electrolytic lesion at the recording sites.
Whenever at least one of the electrodes was wrongly positioned in the targeted region, mice were discarded from the analysis (about 15% of the recordings). The right hemisphere was macrodissected and cryopreserved for molecular analysis.
| Behavior
Mice were tested during the light phase. Prior to experimentation, mice were handled daily for 5 min, throughout 1 week, and habituation to testing rooms was performed 1 h before the beginning of each test.
| Morris water maze
Morris water maze (MWM) was used to assess spatial reference memory, slightly modified from Lima et al. (2014) . The test was conducted under dim light in a dark circular pool (106 cm diameter) filled with water at 238C 6 18C, with extrinsic visual cues (square, triangle, horizontal stripes, and cross). In order to increase the contrast to detect the mice, water was made opaque with the addition of nontoxic titanium dioxide (Sigma-Aldrich; 250 mg/L). A circular escape platform (10 cm diameter, 22 cm height) was placed in one of the four imaginary quadrants of the pool submerged 1 cm below the water surface. The 4 days of protocol consisted in a hippocampal-dependent task whose goal was to assess the ability of mice to learn the position of the hidden platform kept always in the same position. Each day, mice performed four consecutive trials (maximum of 60 s, with a 30 s intertrial interval) being placed in the pool facing the maze wall and oriented to each of the extrinsic cues in random order. Whenever mice failed to reach the platform, they were manually guided to the platform for 30 s before being positioned at a new starting point. Escape latencies, distances swam and swim pattern were monitored and analyzed using a video camera and the EthoVision XT 11.5 software (Noldus, The Netherlands).
| Hole board
The hole board (HB) task was performed to assess spatial orientation, namely reference and working memory (Castilla-Ortega et al., 2010) .
Transgenic mice and WT littermates were food restricted for 4 days before the beginning of the test to achieve a body weight drop to 80-85% of their free-feeding weights and food deprivation lasted through the whole behavioral experiment. The behavioral test was performed in a hole board containing 16 equidistant holes (6 cm apart, 1.5 cm diameter, 2.5 cm depth; MedAssociates, USA). The hole board was placed inside a maze with Plexiglas walls with a different cue in each wall for orientation. All mice were submitted to 3 days of habituation (1 daily session of 10 min) and one food pellet was placed in each of the 16 holes to attract mice to explore holes and eat the pellets. In the following 4 days, only a fixed set of 4 holes was baited with a pellet in a pattern that remained constant (2 sessions per day with an intersession interval of 2 h, each session consisting in two trials with an intertrial interval of 45 s). Each trial had a maximum duration of 5 min, finishing whenever the animal found all four rewards. Mice were manually placed inside the HB arena at one of four random starting locations. Arenas were cleaned with 10% ethanol between trials. Tests were evaluated by tracking animals trail with an infrared detection system and a computer interface.
The following measures were analyzed: RM ratio (number of visits to the baited set of holes over the number of visits to all holes-provides an index for the ability of animals to discriminate between baited and unbaited holes); and WM ratio (number of rewarded visits over the number of visits to the baited set of holes-reflects the ability of the animals to avoid re-visits to baited holes during a trial).
| Novel object recognition
The novel object recognition (NOR) task (Leger et al., 2013) was conducted under dim white-light illumination in a lusterless white box (30 3 30 3 30 cm). Habituation to the empty box was performed in three consecutive days for 20 min. In the fourth day of the task animals were submitted to a training phase consisting in the exploration of two equal objects (glass bottles) for 10 min. In the fifth day, for the novel object recognition phase, one of the familiar objects was replaced by a novel (Lego® brick) and mice were placed in the arena and allowed to explore both for 10 min. This trial assesses the ability to recognize a novel object 24 h after the first exposition, evaluating long-term recognition memory. After an interval of 1 h in their home cages, the novel object was displaced to the opposite side of the box and mice were allowed to explore this new configuration. This trial allowed the assessment of the spatial recognition memory of the subjects. Boxes were cleaned between trials and subjects with 10% ethanol. Behavior was video-recorded and analyzed using EthoVision XT 11.5 software (Noldus, The Netherlands).
Exploration time of the novel or displaced objects over the total exploration time was used as measure of object preference.
| Two-trial place recognition
The two-trial place recognition (2TPR) Total RNA (500 ng) was reverse-transcribed using qScript TM cDNA SuperMix (Quanta Biosciences, USA). The following primers were designed using PRIMER-BLAST (NCBI, http://www.ncbi.nlm.nih.gov/ tools/primer-blast/) and used for expression quantification: EGFP (F 5 0 - ern ECL substrate kit (Bio-Rad, USA) using a gel blot imaging system (Chemidoc, Bio-Rad, USA). Band quantification was assessed using the Image Lab software (Bio-Rad, USA), and all the samples were normalized according to the loading control (a-tubulin). Given the difficulty of quantifying dnSNARE protein levels in brain tissue (available antibodies detect similarly both the truncated and endogenous forms of synaptobrevin 2), and the fact that the EGFP levels observed are highly correlated with the EGFP mRNA levels, which in turn directly correlate with the dnSNARE levels, the quantification of GFP by western blot was used throughout to screen the transgene expression levels in all mice tested. To confirm the induction of expression of dnSNARE transgenes after Dox removal from the diet, groups of 2 dnSNARE mice were sacrificed at different timepoints (on Dox, 1, 2, 3, 4, and 8 weeks after Dox removal). Additionally, 2 wild-type littermates were sacrificed for negative control. Protein extracts were obtained from whole-brain lysates. To quantify the relative levels of GFP across brain regions and across animals, the brains of 13 dnSNARE mice were macrodissected 6 weeks after Dox removal, and each brain region was processed independently by western blot as described above.
| Immunofluorescence analysis
Brain tissue of the tested animals was stained by immunofluorescence to visualize the expression of transgene reporters, to study the co-expression with astrocytic and neuronal markers, to allow the
3D reconstruction of astrocytes and assessment of astrocytic densities. Mice were deeply anaesthetized with the ketamine and medetomidine mix, and readily perfused transcardially with 4% PFA.
Brains were carefully removed and immersed during 48 h in 4% PFA.
After impregnation with 30% sucrose PBS solution (at 48C, until sink- 
| 3D-reconstruction of neurons
All procedures employed to assess the morphology of neurons were previously described (Lima et al., 2014) . In order to assess dendritic morphology of hippocampal neurons a set of animals (n 5 5 WT and were also assessed in randomly selected 30 mm segments of three proximal and three distal dendritic branches per neuron, and were categorized in four types (thin, mushroom, wide, and ramified). The features of both reconstructed neurons and spines were quantified using NeuroExplorer software (MBF Bioscience, USA).
| D-Serine administrations
In order to rescue the functional impairments displayed by dnSNARE mice, D-serine was administered to mice of both genotypes during electrophysiology and behavior experiments (Sigma-Aldrich, USA; 1 g/kg of body weight, 10 mL/kg of body weight in saline, i.p.). This administration was described to increase the intracerebral levels of D-serine and rescue functional deficits in different contexts and independent laboratories (Guercio et al., 2014; Han et al., 2015; Takata et al., 2011) .
Details are provided as Supporting Information.
For the electrophysiological experiments, surgical procedures and electrode placement were performed as described above. After the sur- For the behavior experiments, either D-serine or saline were administered to an independent set of mice 20 min before the first trial on each day in the MWM task, or 20 min before the training session in the NOR task. Despite the i.p. injection, mice behaved normally and no signs of distress or potential drug side effects were observed, therefore no animal was excluded for those reasons.
| Statistical analysis
Results are presented throughout as mean 6 SEM (standard error of the mean) and the statistical significance of the comparisons for each statistical test was set with a confidence interval of at least 95%. All data sets passed the normality tests for Gaussian distributions (D'Agostino and Pearson for n > 7; Kolmogorov-Smirnov for n 5 5-6), therefore parametric tests were applied. 
| R E SU LTS
3.1 | dnSNARE transgenes are highly expressed in the hippocampus and prefrontal cortex and display intersubject variability
We employed the dnSNARE mouse model (Pascual et al., 2005) to study the role of gliotransmission in complex cognitive processing, which allowed the inducible blockade of the vesicular release by exocytosis selectively from astrocytes (Fellin et al., 2009; Sultan et al., 2015) , preventing developmental effects that could mask potential behavior implications. This strategy selectively perturbs exocytosis-dependent gliotransmission (Sultan et al., 2015; Zhang et al., 2004) , thus allowing to dissect its implications for the neuron-astrocyte network and behavior. Independent studies showed that dnSNARE expression in astrocytes is accompanied by reduction of available gliotransmitters in cell culture (glutamate) (Zhang et al., 2004) , in brain slices of hippocampus (ATP) (Cao et al., 2013) or cortex (D-serine and ATP) (Cao et al., 2013; Pankratov & Lalo, 2015) , or in vivo in the hippocampus (D-serine) (Sultan et al., 2015) . In spite of being used in different labs in the past decade (Oliveira et al., 2015) , the validity of this mouse model was challenged (Fujita et al., 2014) . Nevertheless, we and others have recently validated this model for the study of signaling dependent on astrocyte exocytosis (Pankratov & Lalo, 2015; Sultan et al., 2015; Wagner et al., 2017) . In our lab, we firstly performed complementary sets of experiments to validate the co-expression of dnSNARE and reporter transgenes, the inducible control, the astrocyte specificity and the level of transgene expression among brain regions and subjects.
Since the dnSNARE transgene corresponds to the cytosolic portion of endogenous synaptobrevin II, the available antibodies target both proteins indiscriminately. Therefore, we assessed the co-expression of dnSNARE and enhanced green fluorescent protein (EGFP) reporter transgenes in order to use the EGFP as a reporter to screen the expression levels in all mice tested. The quantification of the relative expression of dnSNARE and EGFP mRNA by RT-PCR in one set of dnSNARE mice showed a direct correlation between the amount of transcripts of both mRNAs (Figure 1a , top), meaning that the transcription of both transgenes should follow similar regulatory mechanisms, which matches with the described elevated rate of co-localization (Halassa et al., 2009) . Additionally, the relative quantification of GFP levels by western blot (using anti-GFP antibody) in the same mice showed that the relative levels of protein and mRNA follow a direct correlation (Figure 1a, bottom) . Altogether, this set of data indicates that mice that express higher levels of dnSNARE, also express higher levels of EGFP mRNA, which in turn translates into increased EGFP levels in those mice. Thus, from this moment on, GFP staining or relative levels, will be used as a correlate of dnSNARE expression.
The removal of doxycycline from the mice diet triggers the expression of dnSNARE transgenes, as measured by the GFP levels of animals sacrificed at different timepoints, reaching a maximum at weeks 3-4, that remains stable in time, and is completely absent in wild-type littermates ( Figure 1b) ; these results are in accordance with previous observations using doxycycline-controlled systems (Halassa et al., 2009; Nakashiba, Young, McHugh, Buhl, & Tonegawa, 2008) . The expression of transgenes occurred throughout the brain, displaying a typical mosaic-like distribution (Figure 1d -i) (Florian, Vecsey, Halassa, Haydon, & Abel, 2011; Sultan et al., 2015) . We consistently verified the astrocyte specificity of transgene expression, by performing immunofluorescence staining of brain slices containing the hippocampus and prefrontal cortex (regions of critical interest for this study (Gordon, 2011; Hoffmann, Cicchese, & Berry, 2015; Lima et al., 2014; Oliveira et al., 2013; O'Neill et al., 2013) ), using specific antibodies to target GFP and astrocytic or neuronal markers. GFP-labeling revealed only structures with the characteristic bushy astrocytic morphology (Florian et al., 2011; Khakh & Sofroniew, 2015; Pascual et al., 2005) . These structures were regularly positive for the astrocyte-specific marker glial fibrillary acidic protein (GFAP) (Khakh & Sofroniew, 2015) both in the CA1 region of the dorsal hippocampus (dHIP) and in the medial prefrontal cortex (mPFC), in line with previous reports (Florian et al., 2011; Halassa et al., 2009) (Figure 1d-e) . GFP was also co-localized with the astrocyte cytosolic marker S100b (Khakh & Sofroniew, 2015) in both brain regions (Figure 1f-g ). Together, the typical GFP-arborization and the double immunostainings indicate that the transgenes were expressed by astrocytes of both populations. Moreover, the numbers of 59.9 6 4.8% of GFAP-immunostained astrocytes co-expressed GFP in the dorsal hippocampus (n 5 4 mice), as previously described (Sultan et al., 2015) . Additionally, to support astrocyte specificity and to exclude neuronal expression of dnSNARE transgenes, we performed double immunostainings against GFP and NeuN (neuron specific) in the same brain regions. The detailed observation of images of each confocal section excluded staining overlap between GFP and NeuN both at the dHIP and mPFC (Figure 1h-i) . Furthermore, we performed doublestainings including EGFP and two additional neuronal markers: bIII tubulin that stains neurites, and calbindin that is found in the cytosol (Supporting Information Figure S1 ). One clearly observes that neurites
that originate in the pyramidal layer and spread across the radiatum layer are devoid of EGFP staining, which remains restricted to the bushy-like astrocyte structure. In the detail of a single confocal plane presented, three neurites clearly cross the astrocyte territory independently (Supporting Information Figure S1a,b) . Regarding the calbindin double staining, we also failed to find co-localization of staining in the same cellular structures (Supporting Information Figure S1c,d ). Since EGFP is also found in the cytosol, by using this combination, we definitely excluded the expression of transgenes in neurons. Absence of co-staining in microglia, NG2-positive cells and oligondendrocytes, also ruled out co-expression in these cells (Fellin et al., 2009; Sultan et al., 2015) . It is noteworthy, that our observations were extremely consistent across brain areas, and across experimental sets (n 5 5 mice screened per group), confirming the specific expression of dnSNARE transgenes in astrocytes.
In order to characterize the regional distribution of dnSNARE transgenes, we quantified the relative GFP levels across several brain regions, macrodissected from dnSNARE mice (n 5 13; Supporting Information Figure S2 ). Interestingly, we observed a variable expression of transgenes across animals, which was maintained between brain FIG URE 1 GFP reporter is a good readout of dnSNARE transgene expression and intersubject variability. (a) Pearson's correlations between relative expression levels of EGFP mRNA and dnSNARE mRNA (top), or GFP protein levels (bottom), measured in the same set of dnSNARE mice (n 5 15); (b) doxycycline (dox) removal from the mice diet triggers transgene expression specifically in dnSNARE mice, as assessed by the quantification of GFP (35 kDa) expression on the hippocampus of dnSNARE mice by western blot analysis at 0, 1, 2, 3, 4, and 8 weeks after dox removal from drinking water. Tubulin (55 kDa) was used as control (n 5 2/timepoint); wild-type (WT) mice were used as negative controls; data plotted as mean 6 SEM. (c) Quantification of the transgene reporter GFP from the hippocampus of dnSNARE mice (n 5 13) was performed by western blot analysis (35 kDa), relatively to tubulin (55 kDa) for each set of animals after behavioral and electrophysiological assessment (the mean value of GFP expression, black dash, was used as criteria to separate two clusters of animals in each set: the high and low "expressors" of the transgenes; (d-e) Confocal micrographs illustrating co-expression of GFP reporter transgenes (green) with GFAP (red) in the CA1 of the dorsal hippocampus (D, dHIP, stratum radiatum) and medial prefrontal cortex (E, mPFC, layers III-V) of dnSNARE mice; (f-g) Confocal micrographs illustrating co-expression of GFP reporter transgenes (green) with S100b (red) in the dorsal CA1 (f, stratum radiatum) and mPFC (G, layers III-V) of dnSNARE mice; (h-i) confocal micrographs illustrating double staining of GFP reporter transgenes (green) and NeuN (red) in the dorsal CA1 (h, oriens, pyramidal and radiatum layers), and mPFC (i, layer V) of dnSNARE mice. DAPI staining, blue. Scale bars 5 50 lm [Color figure can be viewed at wileyonlinelibrary.com] regions, meaning that mice that presented high levels of expression in the hippocampus also displayed high expression in other brain regions, while the opposite was also true. The distinct levels of transgene expression observed among different animals may be due to the regulation of gene expression upstream and/or coupled with transcription.
Epigenetic regulation may vary among different animals determining chromatin availability (e.g., DNA methylation, histone acetylation), which may impact directly in transgene expression both at the mRNA and protein levels. Since the expression of truncated synaptobrevin II (dnSNARE) rules the level of exocytosis blockade, one shall expect that only mice displaying high levels of dnSNARE would present an effective impairment in functions dependent on exocytotic release from astrocytes. Therefore, we divided mice into two groups, based on the relative expression of GFP: low and high transgene "expressors" (Figure   1c ). Since we were interested in hippocampal-dependent behaviors, we quantified the relative GFP levels in the hippocampus of every mouse that carried both tTA and tetO transgenes (double-transgenic). This quantification was repeated for each animal set, and only those mice who expressed higher levels of GFP transgenes than the group mean were included in the dnSNARE group, being compared to their wild-type (WT) littermates throughout. Since this analysis was performed after the sacrifice, the experimenters were blind both to the animal genotype and to its relative level of transgene expression. The data including the low GFP "expressors" will be plotted as Supporting
Information Figures for the verification of transgene level-dependent loss of function.
| Astrocyte signaling is crucial for hippocampalprefrontal theta synchronization
Knowing that the release of gliotransmitters from astrocytes was previ- condition. The LFP power measured in WT and dnSNARE mice was similar both in the dHIP and mPFC at theta, beta and low gamma frequencies (Figure 2b,c) . Moreover, the total power recorded was similar between genotypes (Supporting Information Figure S4a ). The analysis of the distribution of power across frequency bands revealed that theta oscillations represent most the activity recorded in the dHIP and mPFC, however dnSNARE mice display similar levels of relative power for the different frequency bands (Supporting Information Figure S4b ).
These results, indicate equivalent energy of the neuronal oscillations at the given frequencies within each region, which is in line with previous observations of electroencephalogram data (Fellin et al., 2009) Indeed, double-transgenic mice that display low levels of expression display similar electrophysiological activity to controls, being significantly different from strongly expressing-dnSNARE mice (Supporting Information Figure S5a ,b). It is noteworthy that the levels of expression in double-transgenic mice strongly correlate with dHIP-mPFC theta, but not beta nor low gamma coherence (Supporting Information Figure S5c -e). Together, these results suggest that astrocyte signaling is required for maintenance of a basal theta synchronization between hippocampus and prefrontal cortex, which might be important for cognitive performance.
| dnSNARE mice display impaired cognitive function
Based on the available evidence linking dHIP-mPFC correct dialogue and cognitive processing (Anderson, Rajagovindan, Ghacibeh, Meador, & Ding, 2009; Benchenane et al., 2010; Hoffmann et al., 2015; Jones & Wilson, 2005; Oliveira et al., 2013; O'Neill et al., 2013; Siapas, Lubenov, & Wilson, 2005; Zhan, 2015) , we hypothesized that the observed loss of dHIP-mPFC synchronization might underlie a cognitive loss in mice lacking astrocyte signaling. To address this idea, independent sets of mice were submitted to tasks that assess spatial learning and longterm memory consolidation (highly dependent on the interaction between the dHIP and mPFC), using different motivations (e.g., exploratory drive, or hunger) and different environments (e.g., water-free arenas) (Figure 3 ).
The Morris water maze (MWM) task was performed to assess reference memory (RM) (Figure 3a -c) (Lima et al., 2014) . In this task, WT animals learnt to follow the external cues to reach the platform as confirmed by the decreasing latencies and distances swam during the trials, while dnSNARE mice needed to swim longer to reach the same platform, especially in the last days of the task (Figure 3a) . In accordance, dnSNARE mice failed more often to reach the platform within the 60 s of each trial, and whenever they reached it, they employed rather random searching and scanning strategies (Graziano, Petrosini, & Bartoletti, 2003 ) indicating a poor spatial orientation (Figure 3b,c) . To confirm these results, RM was additionally tested in the hole board (HB) task (Castilla-Ortega et al., 2010) , which is performed in a different environment, using food deprivation as motivation to learn the location of hidden food pellets with the help of spatial cues. In this task, WT mice learnt to perform the task, as indicated by the increasing RM ratio measured along the days (Figure 3d ). Also in this case, dnSNARE mice with impaired gliotransmission faced difficulties to discriminate between baited and unbaited holes, supporting an impairment in RM.
Curiously, the calculation of working memory ratios (more dependent on the function of the prefrontal cortex) (Castilla-Ortega et al., 2010; Lima et al., 2014 ) also pointed out an impairment of the function in the dnSNARE mice, namely in the first test days. Furthermore, the novel object recognition (NOR) test was used to assess long-term memory and spatial recognition memory driven by novelty exploration (Leger et al., 2013) , processes critically dependent on hippocampal and cortical networks. In this test, WT mice dedicated higher percentages of time exploring the novel object, which was not the case of the dnSNARE mice (Figure 3e ). Regarding the time spent exploring the object displaced after a short period (1 h), although WT mice spent more time in the displaced object than dnSNARE mice, this difference was not statistically significant. These observations support a specific impairment of long-term recognition memory that matches with the hippocampal deficits observed in the previous tasks. Finally, we examined the spatial recognition memory of WT and dnSNARE mice using the two-trial place recognition task, in which animals were expected to preferentially explore a novel arm marked by spatial cues, after a short delay. This configuration allowed the assessment of both dHIP and mPFC functions (Costa-Aze et al., 2012) . The analysis of percentage of time spent in the distal quadrants showed that, as expected, WT mice explore significantly more the novel arm, which was not the case of their dnSNARE littermates (Figure 3f ), which reveals deficits on place recognition memory in the latter. Together, these results indicate a striking cognitive deficit, namely on functions that rely on the dHIP and its interaction with the mPFC. Double-transgenic mice that display low levels of expression perform in the different tasks similarly to controls, being significantly different from strongly expressing-dnSNARE mice in the four tasks (Supporting Information Figure S6a (Figure 4g-i) . We and others showed previously that the HIP-PFC theta coherence is crucial for reference memory processing (Benchenane et al., 2010; Jones & Wilson, 2005; Oliveira et al., 2013; Siapas et al., 2005) . Now, we specify that by releasing signaling molecules, astrocytes are required to support hippocampal-prefrontal synchronization that underlies cognitive performance.
| Neuronal structures in the dorsal hippocampus and prefrontal cortex of dnSNARE mice are intact
The results observed hitherto prompted us to seek for structural alterations in neuronal networks that, together with the lack of astrocytic signaling, could justify the loss of theta synchronization and cognitive function observed. Therefore, we characterized dendritic morphology and spine distribution of hippocampal neurons (Lima et al., 2014 ) since these features may condition the operation of hippocampal networks.
Tridimensional reconstruction of pyramidal neurons in the dorsal CA1 (dCA1) subregion showed that WT neurons are very similar to dnSNARE neurons (Figure 5a ) for all parameters analyzed (total dendritic length, number of nodes and endings and complexity given by the number of intersections at increasing radial distances from the soma; Figure 5b ). Furthermore, the proximal and distal spine densities, as well as its distribution according to maturity criteria remained constant in mice of both genotypes (Figure 5c ). Additional analysis of the dentate (top) and cuebased/directed strategies to reach the platform in RM (bottom, t tests); (d) hole board task scheme (top; baited holes, gray; unbaited holes, white); RM and working memory (WM) ratios for WT and dnSNARE mice (bottom; n 5 9-14 per group, two-way ANOVA repeated measures, Sidak post hoc tests); RM ratio: number of visits to the baited holes/total number of visits; WM ratio: number of rewarded visits/number of visits to the baited holes; (e) novel object recognition task schemes (top) for assessment of long-term (left) and spatial (right) recognition memories; percentages of exploration time of novel (bottom left) and displaced objects (bottom right; n 5 7-9 per group, t test); (f) Two-trial place recognition task scheme (top); percentage of time spent in the distal third of start, familiar or novel arms in the retrieval trial (bottom; n 5 9-12 per group, two-way ANOVA, Fisher's LSD tests). WT mice represented in black and dnSNARE mice in red lines and bars. Data plotted as mean 6 SEM *p < .05, **p < .01, ***p < .001 [Color figure can be viewed at wileyonlinelibrary.com] morphologies are also intact in dnSNARE mice. It is noteworthy that our analysis covers the complete structure of the neurons, regardless of their maturity and location within the territory of transgeneexpressing astrocytes. Previously, Sultan and colleagues elegantly described changes in the morphological properties of the subset of adult-born granule neurons in the DG of dnSNARE mice, which does not collide with our data. Notably, they also showed that the existing large population of granule cells is intact. Although we cannot exclude that the sub-set of novel cells in the DG might account for the performance of the behavior tasks, the outputs of the hippocampus are produced by the majority of intact neuronal populations.
Moreover, our LFP recordings are obtained by electrodes implanted in the pyramidal/radiatum layers of the CA1, where no neurogenesis occurs. Therefore, these results support the general integrity of the neuronal structures notwithstanding the lack of surrounding gliotransmitters.
| D-serine administration rescues the hippocampal-prefrontal theta coherence and the cognitive deficits in dnSNARE mice
We next sought for the molecular mechanism of the alterations so far reported. Recent literature showed that the release of gliotransmitters is significantly decreased in the dnSNARE mice (Cao et al., 2013; Pankratov & Lalo, 2015; Sultan et al., 2015) . Amongst the different transmitters, the NMDA-receptor co-agonist D-serine arises as a good candidate, since astrocytes derived from dnSNARE mice release significantly less D-serine (Sultan et al., 2015) , and D-serine is involved in synaptic modulation in the hippocampus and cortex (Fossat et al., 2012; Henneberger et al., 2010; Takata et al., 2011; Yang et al., 2003) . To test whether D-serine was implicated in the dnSNARE loss of dHIPmPFC theta synchrony, and consequent cognitive deficits, we repeated these experiments including two sets of WT and dnSNARE mice supplemented with either saline or D-serine intraperitoneally (an approach described to increase the intracerebral levels of D-serine (Guercio et al., 2014; Han et al., 2015; Takata et al., 2011) ). in NOR test for the dnSNARE mice to levels of WT (Figure 7d ,e). It is noteworthy that both low and high transgene "expressors" preformed at levels of WT mice in the two tasks, as confirmed by the lack of correlation between GFP levels in the hippocampi of these mice and their respective behavior performance (Supporting Information Figure S9 ).
This suggests that exogenous D-serine fulfilled the network signaling needs, despite the variable extracellular levels due to the different levels of exocytosis blockade.
Together, these results show that astrocyte-derived signaling is required for hippocampal-prefrontal theta coherence, which in turn seems to support spatial learning and reference memory. Additionally, they suggest that D-serine might be the gliotransmitter involved in the astrocyte-neuron signaling.
| D I SCUSSION
The use of complementary electrophysiological and behavior analysis of the dnSNARE mice to assess the involvement of astrocyte-derived gliotransmitters on cognition, suggests that the D-serine mediated signaling is critical for the synchronization of theta oscillations between the hippocampus and the prefrontal cortex, which underlies performance in spatial learning and memory tasks.
Astrocyte signaling appears to be important for the modulation of the cortical oscillations (Deng, Terunuma, Fellin, Moss, & Haydon, 2011; Fellin et al., 2009; Lee et al., 2014; Poskanzer & Yuste, 2016) . signaling in theta HIP-PFC synchronization is supported by several pieces of correlational evidence. Theta desynchronization was observed in dnSNARE mice that display blocked exocytosis specifically in astrocytes. The expression of dnSNARE transgenes that interfere with the SNARE-complex (Bohmbach, Schwarz, Schoch, & Henneberger, n.d.; Schubert, Bouvier, and Volterra, 2011 ) is restricted to astrocytes, as confirmed by: the bushy morphology of all GFP-labeled structures; the double immunostainings of the GFP reporter and cellular markers performed repeatedly by us and others (Fellin et al., 2009; Sultan et al., 2015) ; and the similarity between electrophysiological power (4-40 Hz) measured in the dHIP and mPFC of WT and dnSNARE mice discarding a neuronal compromise. Moreover, this expression of dnSNARE transgenes drastically reduced the number of fusion events and release of D- serine in astrocytes derived from dnSNARE mice (Sultan et al., 2015) , leading to decreased levels of extracellular D-serine in the hippocampus and cortex of dnSNARE mice (Pankratov & Lalo, 2015; Sultan et al., 2015) . Finally, it is now well documented that astrocytic D-serine is critical for the function of individual synapses of the hippocampus and cortex, namely by supporting synaptic plasticity (Fossat et al., 2012; Henneberger et al., 2010; Takata et al., 2011; Yang et al., 2003) . as oscillators, CA1 pyramidal neurons are also included in an intrinsic loop circuit, which is able to self-generate theta rhythm (Goutagny, Jackson, & Williams, 2009 ). In these septal-entorhinal-hippocampal circuits, glutamatergic modulation via NMDA receptors appears to mediate theta oscillations, at least partially. Glutamatergic neurons play a role in hippocampal theta generation through local modulation of septal neurons (Robinson et al., 2016) . Moreover, the pharmacological inhibition of NMDA receptors significantly impairs hippocampal theta oscillations in vivo (Lazarewicz et al., 2009) , while the paired activation of NMDA and GABA receptors are able to generate theta oscillations in vitro (Kazmierska & Konopacki, 2013) . More importantly, the genetic deletion of NMDA receptors in parvalbumin-positive interneurons interfered with theta oscillations, decreasing theta-gamma phase locking, with impact in spatial memory (Korotkova, Fuchs, Ponomarenko, von Engelhardt, & Monyer, 2010) . Finally, a transgenic mouse line lacking the NR1 NMDAR subunit fails to reshape hippocampal theta rhythms after the switch between place and sequence representations in a spatial navigation task (Cabral et al., 2014) . These studies denote the importance of NMDA-mediated theta oscillations for behavior performance. Due to their ubiquitous distribution and close apposition of processes endowed with machinery to send and interpret physiological signals resulting in modulation of hippocampal NMDA receptors (for review, Araque et al., 2014; Henneberger et al., 2010) , astrocytes are in a good position to modulate theta oscillations. Despite the lack of literature in this sub-field, recent suggest that the physiological activation of astrocytes leads to the release of signals that may add up to hippocampal theta. The deletion of GABA B receptors specifically in astrocytes leads to a decrease in hippocampal theta oscillations (Perea et al., 2016) . Moreover, septohippocampal cholinergic input to hilar astrocytes leads to hilar interneuron activation and consecutive dentate gyrus inhibition (Pabst et al., 2016) , while cholinergic input to CA1 astrocytes leads to release of D-serine and modulation of CA1 pyramidal neuron activation .
While the literature provides substantial amount of information on the generation of hippocampal theta oscillations, the same is not true for the understanding of synchronization of theta between the hippocampus and other brain regions, such as the cortex (Lisman & Jensen, 2013) . In our study, dnSNARE mice exhibit lower levels of dHIP-mPFC theta synchronization, whereas the two regions produce similar amounts of theta oscillations of WT controls. Since coherence meas- How tight is the relationship between surrounding activity and exocytotic release of signals (Vardjan, Parpura, & Zorec, 2016 )?
The cognitive deficits observed in dnSNARE mice are likely a consequence of the loss of HIP-PFC synchrony, as D-serine supplementation also restored behavioral function in dnSNARE mice. However, and despite the specificity of basal desynchronization for theta frequency range in this link, we should not exclude the possibility that the hippocampus may be desynchronized with other brain regions, which could help to explain the cognitive deficits observed. Nevertheless, the basal hippocampus-prefrontal desynchronization shall be responsible for a large extent of this effect. The dorsal hippocampus is connected to prefrontal cortex indirectly. The loop closes by a multi-synaptic circuit, being the prefrontal cortex connected to the hippocampus also indirectly (Preston & Eichenbaum, 2013) . Within this circuit, the dorsal hippocampus performs primarily cognitive functions, while the ventral relates to emotional behavior (Fanselow & Dong, 2010) . Moreover, synchrony between oscillations of hippocampal dorsal or ventral subregions, and PFC has been related respectively to cognitive (O'Neill et al., 2013) and emotional behavior (Adhikari, Topiwala, & Gordon, 2010; Kafetzopoulos et al., 2017; Mateus-Pinheiro et al., 2016; Oliveira et al., 2013) . Specifically, and despite the indirect connections, O'Neill and colleagues demonstrated that dHIP theta oscillations are synchronized with theta oscillations in the mPFC, and that theta synchrony is critical for a spatial memory task. Interestingly, both single units and ensembles in the prefrontal cortex appear to entrain with the theta rhythm from the dorsal hippocampus. On the one hand, this type of memory task was previously shown to be dependent on the synchronization of theta oscillations between the hippocampus and prefrontal cortex (Benchenane et al., 2010; Jones & Wilson, 2005; Siapas et al., 2005) . Our data shows now that the poor consolidation of reference memory directly correlates with lower levels of basal theta coherence presented by a given dnSNARE mouse, which is in accordance with previous reports
showing that the pathological decrease of theta coherence triggered this cognitive deficit (Gordon, 2011; Oliveira et al., 2013) . On the other hand, the higher expression of dnSNARE transgenes in the hippocampus strongly correlates with a worse cognitive performance in doubletransgenic mice, suggesting that those impairments are due to the lack of astrocyte-derived exocytosis. It is noteworthy, that this variability of genetic modulation may explain negative results in studies in which mice displaying variable levels of transgene expression or genomic recombination were analyzed as a single group (Oliveira et al., 2015) .
In conclusion, our results provide the first evidence of a mechanism by which D-serine mediated astrocytic signaling is required for entrainment of distant corticolimbic circuits, being mandatory for cognitive performance. 
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